Abstract: Biochemical and accompanying structural characteristics of the photosynthetic process were studied in mustard seedlings cultivated on medium with increasing concentrations of cycloheximide alone as well as in combination with various kinetin concentrations. After 7 days of cultivation the contents of total chlorophyll, carotenoids and content of Rubisco in mustard cotyledons were determined. The content of chlorophyll pigments and carotenoids decreased in dependence of cycloheximide concentration. Following antibiotic treatment the content of both Rubisco subunits markedly decreased. In addition cycloheximide caused disturbance in mesophyll organization and chloroplast ultrastructure. Kinetin applied with cycloheximide increased the amount of photosynthetic pigments as well as of Rubisco, compared to the cycloheximide alone. In the seedlings treated with cycloheximide+kinetin the structure of leaf mesophyll and chloroplast membrane system was similar to control. Our results indicate that kinetin diminished the negative effects of cycloheximide on photosynthetic pigments and Rubisco as well as on the structural traits of the cotyledons.
Introduction
Chloroplasts occur in green plants mainly in the leaf mesophyll. Chlorophylls are located in the inner membrane system of the chloroplasts and they are involved in photochemical processes of photosynthesis. Like the whole plant also the chloroplasts are under the control of environmental cues. Specifically, adjustments in pigment content and composition are important because they confer acclimation to the environmental conditions (Mellis 1991) . Antibiotics can inhibit chloroplast development from proplastids and differentiation of thylakoid system inducing premature senescence and chloroplast degradation (Hudák 1983; Hudák et al. 1990) . Present knowledge about both ribosomal structure and ribosome-inhibitor complexes point to essential mechanisms of antibiotic inhibitory effects. Plastid ribosomes are sensitive to tetracycline and macrolide antibiotics (Harms et al. 2001) . Treatment of barley seeds (Hordeum vulgare L.) with the other inhibitor of plastid protein synthesis streptomycin, resulted in development of albino phenotype seedlings with ribosomedeficient undifferentiated plastids and reduced chlorophyll content (Yaronskaya et al. 2007 ). On the other hand cytoplasmic ribosomes are influenced by cycloheximide (Kirk & Tilney-Bassett 1978) . Cycloheximide is an alicyclic glutarimide antibiotic inhibiting water and ion uptake by the roots, and the stomatal conductivity (Voicu & Zwiazek 2003) . It was also used to disturb the coordination of growth and organelle reproductive processes in the studies of cell cycle in algae (Zechleder et al. 2002) . Pjon et al. (1992) reported that cycloheximide promoted chlorophyll loss from detached komatsuna (Brassica campestris cv. Komatsuna) leaves during incubation in light but paradoxically it retarded the chlorophyll loss in the dark. Moreover the authors suppose that the chlorophyll bleaching may be induced by the formation of active oxygen species.
Cytokinins are known to stimulate cell division, plastid differentiation, chlorophyll and nucleic acid biosynthesis. They increase the activity of some enzymes and delay natural plant senescence (Wingler et al. 1998; Mok & Mok 2001) . Exogenous application of cytokinins retards natural plant ageing, initiates tissue regreening and increases the photochemical Hill reaction activity (Metwally et al. 1997 , Zavaleta-Mancera et al. 1999 .
The inhibitory effects of cycloheximide together with the reverse effects of kinetin provide a useful tool for studying proteosynthesis in plants. Some growth regulators are known to diminish damage caused by antibiotic however there is not much known about simultaneous effects of cycloheximide and kinetin in plant cotyledons.
The aim of this work was to find out the effects of cycloheximide alone and in combination with kinetin on photosynthetic pigments, contents of large and small Rubisco subunits, mesophyll organization and ultrac 2008 Institute of Botany, Slovak Academy of Sciences Fig. 1 . Photosynthetic pigments in 7-day-old mustard cotyledons treated with cycloheximide (CHX) alone (A, C, E) and with cycloheximide + kinetin (B, D, F). CHL -total chlorophylls, CAR -carotenoids, CHL a/b -ratio of chlorophyll a and b. The lines in E and F represent the value of control seedlings. All data represent mean ± SE. Asterisks indicate the level of significant difference (one-way ANOVA followed by LSD test, * P < 0.05, ** P < 0.01) compared with control (A, C, E) and compared with cycloheximide alone variant (B, D, F). structure of chloroplasts in mustard (Sinapis alba L.) cotyledons.
Material and methods
Mustard (Sinapis alba L.) seeds were washed in 1% Ajatin and cultivated in half strength Knopp's nutrient solution with increasing concentrations of cycloheximide (CHX) 10 −9 to 10 −5 M or in the solution of CHX together with 10 −4 or 10 −5 M kinetin. Control seedlings were cultivated only in the nutrient solution. The seedlings were cultivated in growth chamber under 100 W m −2 irradiance with photoperiod 14/10 h at 23 ± 1
• C. Cotyledons of 7-day-old seedlings were analyzed for the chlorophyll and Rubisco determination. Photosynthetic pigments were determined using the method by Lichtenthaler (1987) and expressed per dry mass. Briefly, the pigments were extracted with 80% acetone by homogenization 0.1 g of cotyledons (f.m.). Absorbances at 470, 646.8 and 663.2 nm were measured using JENWAY 6400 (England) spectrophotometer. For estimation of dry mass, samples were dried in an oven at 60
• C for 3 days. Water content was calculated in the control seedlings and those treated with the lowest and the highest CHX concentrations.
Contents of both Rubisco subunits was determined based on total protein content (Bradford 1976; Maniatis et al. 1989 ) and SDS -PAGE separation (Laemmli 1970) using Major Science equipment, the model VS20DSYS followed by densitometry performed by Image Quant TL (Image analysis software v 2003).
All data represent mean ± SE from three independent experiments and the data were statistically analyzed using one-way ANOVA followed by LSD test.
For microscopic observations the samples of control mustard cotyledons and those treated with CHX 10 −6 M were fixed in Karnovsky fixative and followed by postfixation in 2% osmium tetroxide solution (Karnovsky 1965) . After dehydration in acetone, the samples were embedded in Durcupan ACM (FLUKA). Semithin sections were stained with toluidine blue and basic fuchsin (Lux 1981) and observed with light microscope Zeiss Axioskop 2 Plus. Ultrathin sections stained with uranyl acetate and lead citrate were observed with Jeol 2000 FX electron microscope.
Results

Cycloheximide in the concentration 10
−5 M reduced germination of the mustard seeds to 21% compared to 96% in control and, within its early effects also reduction of seedling growth (data not shown) and chlorophyll bleaching were evident. In the 7-day-old seedlings the content of total photosynthetic pigments decreased in dependence of antibiotic concentration. In the seedlings exposed to CHX 10 −5 and 10 −6 M the total chlorophyll and carotenoid contents decreased significantly in comparison with the control while the CHX concentrations 10 −7 M and lower did not influence the chlorophyll content significantly (Fig. 1A) . The content of chlorophyll b was more reduced than chlorophyll a (Fig. 1C) and thus the chlorophyll a/b ratio increased in each CHX concentration (Fig. 1E ).
In comparison with CHX alone the contents of photosynthetic pigments changed significantly after the application of CHX along with kinetin. Kinetin in both concentrations 10 −4 and 10 −5 M increased total chlorophylls almost equally. However, the increase varied in dependence of the concentration of CHX being 3.8-, 1.5-and 1.2-fold higher with decreasing concentrations of CHX 10 −5 , 10 −6 , and 10 −7 M, respectively (Fig. 1B) .
Kinetin also increased the synthesis of chlorophyll b (Fig. 1D ) resulting in chlorophyll a/b ratio mostly lower than after CHX alone and similar to control (Fig. 1F ). Both 10 −4 and 10 −5 M kinetin increased the content of carotenoids when compared to CHX alone (Fig. 1B) . Under the CHX 10 −5 M+kinetin 10 −4 M treatment the chlorophyll amount reached the value similar to untreated seedlings while under the CHX 10 −7 M+kinetin the chlorophyll content exceeded the control values. The higher CHX concentrations also decreased water content in the mesophyll tissues resulting in an increased dry mass of the cotyledons. On the other hand the water content under CHX+kinetin was not substantially changed (Table 1) .
To evaluate the differences in photosynthetic activity among the variants the amounts of Rubisco subunits were determined in mustard cotyledons. Cycloheximide in concentrations 10 −5 and 10 −6 M decreased the amount of the Rubisco large subunit (LS, cca 50 kDa) 2.4-and 1.6-fold and the Rubisco small subunit (SS, cca 14 kDa) 5.3-and 2.2-fold compared with control ( Fig. 2A) , while the concentrations 10 −5 to 10 −7 M CHX along with 10 −5 M kinetin caused increase in the amount of Rubisco LS 1.4-to 1.1-fold and of Rubisco SS 5.9-to 1.1-fold compare to CHX alone (Fig. 2B) .
The anatomy of mustard cotyledons is typical for dicotyledonous plants with cylindrical palisade cells and oval spongy parenchyma cells. Both types of mesophyll cells contain numerous chloroplasts localized in a thin layer of cytoplasm between the large central vacuole and the cell wall (Fig. 3A) . The lenticular chloroplasts have well developed inner membrane system and contain numerous grana interconnected by stroma lamellae (Fig. 3D) . After CHX treatment the mesophyll architecture changed. In the vacuoles of mesophyll and epider- mal cells numerous inclusions of different size occurred. Also the vacuolar volume was smaller compared to untreated seedlings (Fig. 3B) . The chloroplasts revealed some signs of senescence: they were irregular in shape and their membrane system was reduced (Fig. 3E) . The number of grana was diminished and they were smaller, containing less thylakoids. In the stroma crystals of phytoferritin appeared and the number of plastoglobuli increased. After CHX+kinetin treatment (Fig. 3F ) the grana had more thylakoids and the membrane system of chloroplasts was better developed in comparison with the plastids in CHX-treated cotyledons. The vacuoles of mesophyll and epidermal cells contained numerous inclusions (Fig. 3C ).
Discussion
The first visible symptom of cycloheximide action was the colour change of mustard cotyledons which was evident already during the first days of the seedling development suggesting a decline in chlorophyll contents. The highest CHX concentration reduced the chlorophyll content by about 75% compared with control. Similarly, Pjon et al. (1992) observed intense bleaching of Brassica campestris leaf discs cultivated in the presence of 10 −6 M CHX in the light, and the final chlorophyll content was markedly reduced. Rapid loss of photosynthetic pigments was also observed in Avena sterilis after pyrenophorin (Aliferis & Chrysayi-Tokousbalides 2005) and in barley leaves after streptomycin treatment (Yaronskaya et al. 2007 ). The increased values of chlorophyll a/b after the CHX treatment could be due to conversion of chlorophyll b into chlorophyll a. This is in agreement with the results by Folly and Engel (1999) suggesting such conversion before chlorophyll degradation and it could indicate an early senescence of mustard cotyledons.
Alleviation effect of kinetin was evident with the increased content of photosynthetic pigments following the CHX+kinetin treatment. These results are similar to kinetin-induced alleviation of the effects of erythromycin, an inhibitor of proteosynthesis on 70 S ribosomes (Machlicová et al. 2005 ) but they are opposite to those observed in detached barley leaves (Peterson & Huffaker 1975) and in oat leaf discs (Martin & Thimann 1972) . Studying the role of proteosynthesis during the senescence of oat leaves the latter authors showed that CHX at much higher concentrations can be even as effective as kinetin in inhibiting the senescence. Nevertheless the authors used markedly different experimental conditions: monocotyledon plant species, leaf discs from apical part of leaves, CHX with kinetin applied in droplets and leaves treated in the dark.
In case of CHX 10 −5 M combined with 10 −4 M kinetin the stimulating effect on total content of photosynthetic pigments was greater than with kinetin −5 M. Moreover, kinetin 10 −5 M was more effective with the lower CHX concentrations. We suppose that this was associated with the level of endogenous cytokinins in the seedlings. When exposed to cycloheximide 10 −5 M their endogenous cytokinin level was so low, that higher levels of exogenously applied cytokinins were required to alleviate the harmful effect of the antibiotic. It also might be possible that the exogenous cytokinins have higher stability and are more effective in leaf regeneration than the endogenous ones (Arteca 1996; Naik et al. 2002) . Increasing chlorophyll content was observed in cucumber seedlings after benzyladenine treatment (Kuroda et al. 2000) . Moreover SalopekSondi et al. (2002) documented that cytokinins and gibberellins induced chlorophyll formation. Costa et al. (2005) concluded that chlorophyll bleaching associated with chlorophyllase, Mg-chelatase, and peroxidase activities could be regulated via exogenous application of cytokinins or ethylene. From these data we can conclude that kinetin prevented pigment loss in the photosynthetic apparatus of mustard cotyledons. These results contrast with the case of streptomycin-bleached barley seedlings where, due to drastic damage of chloroplasts kinetin failed to stimulate the rate of aminolevulic acid, the precursor of chlorophyll biosynthesis (Yaronskaya et al. 2007) .
The content of the enzyme Rubisco responsible for carbon fixation into sugar molecules also responded to CHX. The decreases of Rubisco LS amount to 41% and Rubisco SS to 19% of the control after the highest CHX concentration indicate disturbances in photosynthetic reactions in mustard cotyledons. Cycloheximide can block several proteins of the light-harvesting complex I (Hanten & Pierce 2001) and it is known as an inhibitor of proteosynthesis on the cytoplasmic polysomes, where the precursors of SS Rubisco are synthesized. Therefore we expected lower Rubisco SS amount. On the contrary the reduction of Rubisco LS was greater than of Rubisco SS. This might correspond with the findings that antibiotics, considered as not affecting proteosynthesis on 70 S ribosomes may interact with these ribosomes through other cellular targets (Tenson & Mankin 2006) . Cytokinins are known to increase the activity of Rubisco and they markedly retard natural plant senescence (Wingler et al. 1998) . Remediation of the amount of Rubisco subunits was reached with the lower kinetin concentration in combination with all CHX concentrations. More studies would be necessary to explain why the higher kinetin concentration was effective only with the highest CHX concentration.
The structural responses to cycloheximide revealed disturbed mesophyll cells of mustard cotyledons. The mesophyll cells had smaller vacuolar volume. This might correspond with the CHX-induced water loss in the cotyledons. Mesophyll cell vacuoles of the CHXtreated cotyledons contained numerous inclusions of different size. In contrast to observation by Wittenbach et al. (1982) these inclusions did not have structure of degenerating chloroplasts. It is interesting that dense particulate structures were also observed when chloroplasts were damaged: in Arabidopsis thaliana mutant that lacks the AtTIC40 gene (Niwa et al. 2004) , in erythromycin-treated mustard cotyledons (Machlicová unpublished) or in heavy metal treated cells (Sanita di Toppi et al. 2007) . These data may indicate relationship between chloroplast disintegration and translocation of some superfluous material into the vacuoles.
The membrane system of chloroplasts was reduced however some grana still remained present. This could correspond with the presence of the reduced chlorophyll amount after CHX application. Pjon et al. (1992) also reported disturbance of chloroplast ultrastructure in komatsuna leaves treated with CHX in light. Other antibiotics, chlortetracycline and lauryline induced structural changes similar to CHX such as inhibition of differentiation of plastid membrane system and increased number of plastoglobuli in mustard cotyledons (Hudák et al. 1990 ). Plastoglobuli are known to increasingly accumulate triacylglycerols and esterified isoprenoids derived from the disintegrating thylakoids (Kaup et al. 2002) . Phytoferritin appeared in the stroma of CHXtreated chloroplasts. It mostly occurs in photosynthetically inactive plastids (Hudák et al. 1983 ). Aggregates of phytoferritin particles were observed in chloroplasts of leaf pinnae from the coconut palm (Cocos nucifera L.) yellowed due to senescence (Wildman & Hunt 2005) . The authors concluded that phytoferritin was a breakdown product associated with disruption of chloroplast structure and photosynthetic activity what could have occurred also in mustard cotyledons.
When kinetin was applied simultaneously with CHX the plastids contained well developed membrane system and decreased number of plastoglobuli. Also Naito et al. (1980) observed decreasing number of plastoglobuli and shutdown of thylakoid degradation after cytokinin application in cucumber cotyledons. Increase of chlorophyll synthesis under cytokinin and gibberellin treatments was also associated with increasing chloroplast number per cell and development of chloroplast ultrastructure (Salopek-Sondi et al. 2002) . Recently, Yagisawa et al. (2003) reported enhanced chloroplast replication in Brassica rapa leaf discs exposed to benzyladenine. Application of zeatin and zeatinriboside on detached senescent leaves of Hordeum vulgare induced formation of green areas, which contained more chlorophyll than the rest of the leaf area. Plastids from the green areas were mainly chloroplasts with numerous thylakoids, whereas in the yellow areas chromoplasts with numerous plastoglobuli dominated (Hudák et al. 1996) .
The investigated components of photosynthetic apparatus: pigments, Rubisco subunits, leaf mesophyll structure and chloroplast ultrastructure in mustard (Sinapis alba L.) cotyledons were disturbed by cycloheximide, known as inhibitor of proteosynthesis on cytoplasmic ribosomes. On the other hand we managed to demonstrate that kinetin application diminished the cycloheximide effects. The responses of molecular constituents of the photosynthetic system to CHX alone and in combination with kinetin correlated with structural alterations of mesophyll and chloroplasts.
